During postnatal brain development in the rat there is a progressive decrease in the Na + /K + ratio, which correlated with increasing activity of Na + -K+-activated ATPase. Undernutrition during intrauterine and early postnatal development (4-6 days) did not alter the Na + /K+ ratio, although there was a deficit in brain weight. However, undernutrition during the suckling period retarded the progressive fall in Na+/K+ ratio and rise in ATPase activity. The altered Na+/K + ratio in these animals did not appear to be caused by change in brain carbohydrate metabolism.
Introduction
The developing brain shows a fall, followed by a progressive accumulation of K+ and loss of Na+ with age. In the rat these changes are completed by the 4th week of postnatal life [7] . In the postnatal period, these changes are correlated with increasing activity of Na+-K+-activated ATPase (ATP phosphohydrolase EC. 3.6.1.3.) and probably reflect an increasingly efficient Na+ pump [1, 18] .
It is possible that the efficiency of the brain Na+ Growth retardation and asphyxia in rats 495 pump may be altered by either undernutrition or anoxia. In infants with protein-calorie malnutrition, behavior disorders are said to be associated with a deficit in brain K+ [10] . Also, the normal brain water and electrolyte composition is altered by prolonged asphyxia and acute anoxia [6, 17] and by an anoxic-ischemic insult [20] . These findings have led to the present study which examines the combined and separate effects of growth retardation and asphyxia on cerebral electrolytes in the postnatal rat. In addition, the activity of brain ATPase and rate of cerebral glycolysis have been studied in undernourished and normal animals.
Methods

Animals
Rats of a black and white hooded strain were used. The day of mating was determined by examination of vaginal lavages for sperm. Litters were reduced to eight animals at birth.
Diet
Undernutrition was achieved by giving mothers a restricted quantity of food [24] either from conception (offspring killed 27 days after conception; i.e., 4-6 days after birth) or from the 7th day of gestation (offspring killed 21 or 25 days after birth). Undernourished mothers were fed 10 g/24 hr during pregnancy, 15 g/24 hr during the 1st week after delivery, 20 g/24 hr during the 2nd week, and 25 g/24 hr thereafter. This represents about 50% of the ad libitum intake at this time. Control mothers had unlimited access to the same diet and all animals received water ad libitum.
Asphyxia Procedure
Rats were anesthetized with urethane (0.5 mg/g, body wt, i.p.) and were either returned to the mother (controls) or were asphyxiated. Rats were subjected to prolonged asphyxia to death in groups of four in an airtight 500-ml jar suspended in a water bath at 37°. Survival time was defined as the interval between being placed in the jar and the occurrence of the last gasp.
Control rats were decapitated. Brain from asphyxiated and control rats was removed immediately after death and divided sagittally. One-half was used for electrolyte and the other for water estimation.
Water Estimation
Brain tissue was dried in an oven to constant weight at 100°. The loss of weight due to loss of water [14] was expressed as a percentage of wet weight.
Electrolyte Estimation
Na+ and K+ were determined by flame photometry after digestion of brain tissue in concentrated nitric acid [14] .
Total Carbohydrate
Carbohydrate content of liver or heart was determined according to the method of Kemp and van Heijningen [12] with glucose as a standard. This method estimates glycogen and glucose combined and is uninfluenced by postmortem changes in the few minutes required for processing the tissue.
ATPase Activity
ATPase was determined according to the method of Swanson et al. [21] in the presence of 100 mM Na+, 30 mM K+, and 3 mM Mg 2+ using a 2.5% (w/v) homogenate prepared in ice-cold 0.32 M sucrose.
Glycolysis Experiments
The rate of lactate formation from glucose or glucose 6-phosphate was determined according to the method of Lea and Walker [13] using a 10% (w/v) homogenate prepared in ice-cold 0.32 M sucrose-1 mM ethylenediaminetetraacetic acid (pH 7.4). ATP (1.0 mM) and nicotinamide adenine dinucleotide (1.0 HIM) were included in the incubation medium and lactate was estimated using lactate dehydrogenase [25] .
Results
Undernutrition to 27 days after conception (4-6 days after birth)
Undernourished rats had deficits in body weight, brain weight, liver weight, and heart weight ( Table I) . The percentage deficit in brain weight (31%) was less when compared with liver (65%), heart (64%), and whole body (58%). In other words, deficits in heart and liver weights were similar. The brain to liver ratio was almost twice the value in undernourished compared with the value in control (well nourished) animals.
Brain K+ concentration was significantly somewhat higher in undernourished compared with well nour-ished rats, but Na+ concentration, Na+/K+ ratio, and water were not significantly different.
Total liver carbohydrate was reduced to 15% of normal and liver carbohydrate concentration to 42% of normal in undernourished rats (Table II) . Although the total cardiac carbohydrate was reduced to 56% of normal in the same undernourished rats, the cardiac carbohydrate concentration was increased by 52% (Table II) .
Effects of Asphyxia
The response of brain electrolytes and water to prolonged asphyxia did not differ between well nourished and undernourished groups (Table II) . Both showed significantly reduced K+ concentration and increased Na+ concentration, water content, and Na+/K+ ratio.
There was a consistent increase in liver weight after prolonged asphyxia, presumably because of congestion with blood. It was therefore not valid to compare liver carbohydrate concentrations in asphyxiated and control animals. Total liver and cardiac carbohydrate 1 Results are given as the means (± SD) for 14 well nourished animals (from four litters) or 11 undernourished animals (from three litters). Figures in parentheses indicate the percentage weight deficit in undernourished compared with well nourished rats.
were markedly reduced by asphyxia (Table II) , the effect being most pronounced in undernourished rats. Indeed, the combined effects of undernutrition and asphyxia reduced total liver carbohydrate by 95% and total cardiac carbohydrate by 80%.
Survival Times during Asphyxia
Well nourished animals subjected to prolonged asphyxia in groups of four died after a mean (±SD) of 46 ± 1 min (4 litters), whereas undernourished rats survived for 134 ± 54 min (3 litters). Since both groups consisted of similar numbers and were initially exposed to the same volume of oxygen in air this difference was probably related to the smaller oxygen requirement of the undernourished group. This seemed to be confirmed by the finding that survival time of single rats in pure nitrogen was not significantly different between the groups (controls 1,019 ± 104 sec, undernourished 972 ± 142 sec).
Undernutrilion from 7 Days after Conception to 21 or 25 Days Postnatal Age
Rats undernourished to 21 days of age had a deficit in body weight of 63%, a deficit in brain weight of 19%, and a deficit in forebrain weight of 18%. Undernutrition tended to result in a reduced forebrain K+ concentration and a corresponding elevation in Na+ (Table III) . These changes, although not individually significant, led to a higher Na+/K+ ratio in undernourished compared with well nourished animals. Forebrain ATPase activity showed a 14% deficit in the undernourished group (Table III) .
Rats undernourished to 25 days of age had a deficit in body weight of 68% and a deficit in brain weight of 24%. The optimal rate of brain glycolysis (lactate formation from glucose in vitro) was not affected by undernutrition (Table IV) , although there was a significant 5% reduction in the rate of lactate formation from glucose 6-phosphate.
Discussion
The brain of the 4-6-day-old rat is in a similar phase of development to that of the human brain in the perinatal period, in that the brain weight and total numbers of brain cells have reached approximately the same proportion of their adult achievement (8, 9) . In its response to undernutrition, the 4-6-day-old rat resembled the intrauterine growth-retarded baby as regards deficits in body weight, relative sparing of the brain compared with other organs [11] , and depleted carbohydrate reserves [19] .
In undernourished 4-6-day-old rats the brain Na + /K+ ratio was similar to that for controls. This ratio is probably a good index of cationic membrane gradients which are maintained by the Na+ pump. Since Na+/K+ ratio is only a little less than unity in the 1st week of life [7] , Na+ pump activity is very low and appears not be to altered by undernutrition during prenatal and early postnatal life.
Rats continuously undernourished from 7 days of conceptual age until the end of the suckling period, however, showed an elevation in brain water and Na + /K+ ratio compared with well nourished control. The progressive fall with age in the sodium to potassium ratio may have been retarded by undernutrition. Similar findings reported in hypothyroid rats may be due to retarded development of brain ATPase [23] . In undernourished rats there may be a similar mechanism for the altered electrolyte balance since brain ATPase activity was reduced by undernutrition.
Alternatively, changes in the proportion of Na+ and K+ could result from a deficit in brain carbohydrate metabolism as has been proposed for muscle tissue of malnourished children [3, 15, 16] . This seems to be unlikely in the case of brain since glycolytic rate in •vitro (lactate production from glucose) was not affected by growth retardation. Furthermore, it has been shown [22] that undernutrition from birth to 9 days of age in the rat does not affect brain concentrations of ATP, phosphocreatine, or glucose.
The deficit in forebrain ATPase activity in rats undernourished during the suckling period was of the same order as that of acetylcholinesterase [2] . Inasmuch as these enzymes have a similar subcellular distribution in rat brain, showing high activity in synaptosomes and microsomes [1] , these particles may be particularly affected by nutrition in the suckling period. Forebrain water content was also higher in the undernourished group (Table III) ; this is the usual finding in developing brains subjected to growth retardation, and is presumably due to relative developmental immaturity at an age when normal water content is still falling.
Undernourished compared with well nourished 4--6-day-old rats survived longer during prolonged asphyxia but for similar periods in nitrogen. These differences could be related to metabolic rates, oxygen requirements, and cardiac glycogen [5] . It might be expected that the deficit in liver carbohydrate and the high brain weight to liver weight ratio in undernour-ished animals would reduce the survival time. However, there were still considerable reserves o£ liver carbohydrate in all of the asphyxiated animals after death. Therefore liver carbohydrate could not have been a limiting factor in determining the point of death.
The changes in brain water and electrolytes in undernourished and well nourished animals asphyxiated to death were similar. There was an increase in brain water and in the Na+/K+ ratio. The Na+/K+ ratio reverted to unity, probably reflecting complete failure of the Na+ pump because of lack of ATP. The increase in brain water may be due to water accumulating in glial cells from damaged blood vessels [4] . These changes, therefore, suggest a form of tissue metabolic damage that could have resulted from anoxia and ischemia.
Summary
Undernutrition during prenatal and early postnatal life (4-6 days) in the rat did not alter the Na+/K+ ratio in the brain. However, undernutrition in the suckling period retarded the progressive fall in the brain Na+/K+ ratio and increase in ATPase activity, but did not alter the rate of brain glucose metabolism.
In the undernourished rat, there was a deficit in body weight and a relative sparing of the brain compared with other organs. Total liver and cardiac carbohydrate reserves and liver carbohydrate concentration were reduced, but the cardiac carbohydrate concentration was greater compared with controls.
Undernourished 4-6-day-old rats tolerated asphyxia as well as well-nourished controls, at least in terms of survival time. Changes in brain Na+/K+ ratio and water were similar and liver carbohydrate reserves did not appear to be a limiting factor in determining the point of death. 
